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Structure of the Toxoplasma gondii ROP18 Kinase Domain
Reveals a Second Ligand Binding Pocket Required for Acute
Virulence*
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and Jeroen P. J. Saeij§6

From the §Department of Biology and ‡Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

Background: ROP18 is a Toxoplasma secreted Ser/Thr protein kinase important for acute virulence.
Results:The crystal structure of the unphosphorylated ROP18 kinase domain was determined in complex with an ATP analog.
Conclusion:The structure is inconsistentwith a previously proposedmodel of autoinhibition and identifies an additional ligand
binding site important for virulence.
Significance: Structure-function studies of ROP18 will aid development of novel drugs against toxoplasmosis.

At least a third of the human population is infected with the
intracellular parasiteToxoplasma gondii, which contributes sig-
nificantly to the disease burden in immunocompromised and
neutropenic hosts and causes serious congenital complications
when vertically transmitted to the fetus. Genetic analyses have
identified the Toxoplasma ROP18 Ser/Thr protein kinase as a
major factor mediating acute virulence in mice. ROP18 is
secreted into the host cell during the invasion process, and its
catalytic activity is required for the acute virulence phenotype.
However, its precise molecular function and regulation are not
fully understood. We have determined the crystal structure of
the ROP18 kinase domain, which is inconsistent with a previ-
ously proposed autoinhibitory mechanism of regulation. Fur-
thermore, a sucrose molecule bound to our structure identifies
an additional ligand-binding pocket outside of the active site
cleft. Mutational analysis confirms an important role for this
pocket in virulence.

Toxoplasma gondii is a highly prevalent protozoan intracel-
lular parasite that is estimated to have infected a third of the

human population. The organism can cause severe disease in
immunocompromised individuals, as well as those suffering
from AIDS and hematopoietic malignancies (1–5). Primary
infection of women during pregnancy with vertical transmis-
sion to the fetus can result in a wide range of birth defects.
Studies in mice have demonstrated a critical role for neutro-
phils during the early immune response toT. gondii infection in
limiting the parasite burden and lethality (6), and this has seri-
ous implications for patients with defective neutrophil-medi-
ated killing of pathogens. In North America and Europe, the
majority of T. gondii isolates from patients can be grouped into
threemajor clonal lineages, which showdramatic differences in
virulence in mice (7). Type I strains are acutely virulent with
inoculations of single parasites being lethal inmice (LD100 �1),
whereas type II strains show intermediate virulence (LD50�103
parasites) and type III strains are relatively avirulent (LD50
�104 parasites). To identify genetic loci underlying the differ-
ences in virulence between these strains, pairwise crosses
between these strains have been conducted, in which the F1
progeny were genotyped and scored for their virulence inmice.
In one study, a single locus, corresponding to the ROP18 gene,
was identified and accounted for �90% of the difference in
virulence between type I and type III strains (8). The ROP18
gene was also one of five virulence-associated loci identified in
a type II � type III cross (9). Type III strains show a 10,000-fold
lower level of the ROP18mRNA transcript relative to the other
two strains and are effectively ROP18 null at the level of protein
expression. This is likely due to a 2.1-kb region within the pro-
moter region of the type III ROP18 allele that is not present in
the type I or II alleles (9–11). Expression of either type I or II
ROP18 alleles in a type III strain resulted in a �104-fold
decrease in LD50 (8, 9). ROP18 is a member of the rhoptry
kinase (ROPK)7 family of protein kinases (12). Many members
of the ROPK family are catalytically inactive pseudokinases

* This work was supported, in whole or in part, by National Institutes of
Health Grants R01-AI080621 (to J. P. J. S.) and R01-GM52981, P50-
GM68762, and R01-GM104047 (to M. B. Y.) and a Massachusetts Life
Sciences Center New Investigator Award (to J. P. J. S.).

The atomic coordinates and structure factors (code 4JRN) have been deposited in
the Protein Data Bank (http://wwpdb.org/).

1 Supported in part by a postdoctoral fellowship from the Canadian Institutes
of Health Research, Merck Research Laboratories, and the MIT Department
of Biology.

2 Supported by a postdoctoral fellowship from the Knights Templar Eye
Foundation.

3 Supported by the Cleo and Paul Schimmel Fund and pre-doctoral in the
Biological Sciences Grant 5-T32-GM007287-33.

4 Supported by pre-doctoral in the Biological Sciences Grant 5-T32-
GM007287-33.

5 To whom correspondence may be addressed: 77 Massachusetts Ave., Bldg.
76-353, Cambridge, MA 02139. Tel.: 617-452-2103; Fax: 617-452-4978;
E-mail: myaffe@mit.edu.

6 To whom correspondence may be addressed: 77 Massachusetts Avenue,
Rm. 68-270b, Cambridge, MA 02139. Tel.: 617-324-5330; E-mail: jsaeij@
mit.edu.

7 The abbreviations used are: ROPK, rhoptry kinase; AMP-PNP, adenylyl-�,�-imido-
diphosphate; PV, parasitophorous vacuole; PVM, parasitophorous vaculolar
membrane; IFN�, interferon �; IRG, immunity-related p47 GTPases; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 48, pp. 34968 –34980, November 29, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

34968 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 48 • NOVEMBER 29, 2013



lacking key active site residues as exemplified by the prototypic
member, ROP2 (13). In marked contrast, ROP18 is an active
Ser/Thr kinase (14), and its catalytic activity is required to con-
fer virulence (8). How the catalytic activity of ROP18 is regu-
lated, and the basis for ROP18 substrate selection, remain
unknown.
Attachment ofT. gondii to a host cell triggers the secretion of

multiple proteins from specialized organelles (micronemes,
rhoptries, and dense granules) at the apical end of the parasite
(15, 16). This is followed by active entry into the host cell and
enclosure of the parasite within a parasitophorous vacuole
(PV). The PV provides a protective environment for parasite
growth and replication inside the host cell. Upon secretion, a
number of the rhoptry proteins, including ROP18, localize to
the host cytosolic face of the parasitophorous vacuole mem-
brane (PVM), where they are well positioned to play important
yet poorly understood roles at the host-pathogen interface that
affect virulence determinants such as parasite growth and sur-
vival (14, 15). The recent identification of the interferon �
(IFN�) inducible immunity-related p47GTPases (IRGs) as sub-
strates of ROP18 has provided some mechanistic insights into
themolecular functions of one such rhoptry-secreted virulence
factor (17, 18). IFN� induction of the IRG family of proteins is
an important component of the early innate immune response
in mice against intracellular pathogens such as T. gondii. A
major host resistancemechanism contributing to the clearance
of the avirulent strains ofT. gondiiwithin IFN�-stimulated host
cells involves the sequential loading of multiple IRG proteins at
the PVM shortly after infection. The accumulation of IRG pro-
teins at the PVM results in the rupture of the PV and release of
the parasites into the host cytosol, where they are destroyed (19,
20). Recent studies have also revealed thatmice deficient in p65
guanylate-binding proteins are defective in IFN�-mediated
suppression of T. gondii intracellular growth and recruitment
of IRGs to the PVM (21–23). Virulent type I strains avoid
destruction by inhibiting IRG accumulation on the PVM and
are thus able to aggressively expandwithin the host. ROP18was
recently shown to directly phosphorylate IRG proteins to
impair their accumulation on the PVM (17, 18). Given that the
IRG resistance system is absent in host species such as humans
and cats (19), other types of host defense mechanisms likely
exist that may be compromised by ROP18 and other viru-
lence factors. One such mechanism involves the host tran-
scription factor ATF6�, which up-regulates multiple genes
in response to endoplasmic reticulum stress. ATF6�-deficient
mice showed increased sensitivity to infection by avirulent
ROP18-deficient parasites, andROP18was recently reported to
phosphorylate ATF6� leading to its proteasome-dependent
degradation (24).
To further our understanding of ROP18 regulation and func-

tion, we have solved the crystal structure of its kinase domain
and identified features important for virulence in mice. Our
structure is the first determined for a catalytically active rhoptry
kinase and builds on data from previously published crystal
structures of the pseudokinase domains of ROP2 (PDB acces-
sion codes 2W1Z and 3DZO), ROP8 (PDB code 3BYV), and
ROP5 (PDB code 3Q60) (25–27). Unlike ROP18, all three of
these ROPK proteins do not function by phosphorylating

downstream targets. Our structure of the ROP18 kinase
domain disproves a previously proposed autoinhibitory mech-
anism (26). Importantly, the structure also identifies a novel
second ligand binding pocket adjacent to the active site, which
is critical for ROP18-mediated virulence and may provide an
additional substrate specificity determinant or allosteric regu-
latory site.

EXPERIMENTAL PROCEDURES

Ethics Statement—This study was carried out in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The MIT Committee on Animal Care (assurance
number A-3125-01) approved all protocols. All mice were
maintained in specific pathogen-free conditions, and all efforts
were made to minimize suffering.
Production of Recombinant Proteins—The ROP18 kinase

domain (residues 187–554)was cloned intopETDL4.0, amodified
pET28a vector (Novagen), which incorporated a series of N-ter-
minal fusion tags consisting of: (His6)-(�-phosphatase)-(glutata-
thione S-transferase)-(maltose-binding protein)-(Streptococcus
protein B1 domain)-(tobacco etch virus cleavage site) (His6-
�-phosphatase-GST-MBP-Gb1). Inclusion of �-phosphatase in
the fusion tags allowed production of a catalytically active wild
type ROP18 kinase domain free of any autophosphorylation.
The protein was expressed in Escherichia coli Rosetta 2 (Nova-
gen). For large scale preparations, the protein was first purified
on a nickel SepahroseTM Fast Flow column (GEHealthcare Life
Sciences), followed by an amylose column (New England Bio-
labs). Tobacco etch virus protease was then added to cleave the
N-terminal fusion tags, which were subsequently removed by
passage of the protein through a GSH-agarose column and a
final gel filtration step. The protein was then concentrated and
frozen in aliquots in liquid nitrogen for storage at�80 °C. Small
scale preparations of WT and mutant ROP18 kinase domain
constructs were expressed as His6-GST-MBP-Gb1 fusions and
batch purified on amylose beads and used directly for in vitro
kinase assays.
Crystallization and Data Collection—The ROP18 kinase

domain was crystallized by hanging drop vapor diffusion, in
which 1 �l of 10 mg/ml of protein in 15 mM Tris, pH 8, 0.15 M

NaCl, 1 mM AMP-PNP, 2 mM MgSO4 was mixed with 1 �l of
precipitant solution and equilibrated over a reservoir of precip-
itant solution. Native crystals were grown using a precipitant
solution containing 0.56 M ammonium sulfate, 15% PEG 3350,
0.1 M BisTris, pH 5.5, and 20 mM isopropyl 1-thio-�-D-galacto-
pyranoside. For holmium co-crystals of the ROP18 kinase
domain, HoCl3 was substituted for MgSO4 (28) in the protein
solution, and the precipitant solution contained 2.66 mM

HoCl3, 0.28 M ammonium sulfate, 13% PEG 3350, 64 mM Bis-
Tris, pH 5.5, and 36mMMES, pH 6. Crystals typically appeared
overnight and grew to full size after a few days.
Native crystals were cryo-protected by stepwise transfer to

0.56 M ammonium sulfate, 15% PEG 3350, 0.1 M BisTris, pH 5.5,
30% (w/v) sucrose, 1 mM AMP-PNP, and 2 mM MgSO4. Hol-
mium co-crystals were cryo-protected by stepwise transfer to
10mMHoCl3, 0.28 M ammonium sulfate, 13% PEG 3350, 70mM

BisTris, pH 5.5, 30 mM MES, pH 6, 33.3% sucrose, and 1 mM
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AMP-PNP. Cryo-protected crystals were flash cooled in a
nitrogen gas streamat 100K, and stored in liquid nitrogen.Data
were collected on the 24-ID-E and 24-ID-C beam lines at the
Advanced Photon Source, Argonne National Laboratory using
an ADSC Quantum 315 detector. Data were processed using
HKL 2000 (29) and the CCP4 software suite (30).
Structure Determination and Refinement—The two hol-

mium sites were located using the automated Patterson search
implemented in CNS 1.21 (31, 32) and used for phasing in
SHARP (33). The multi-wavelength anomalous diffraction
phases from data collected from two separate holmium
co-crystals were combined using SigmaA (30, 34) and subse-
quently improved by solvent flattening using RESOLVE (35,
36). The model was built using XtalView (37, 38) and refined
using PHENIX (39). The final model contains a single residue
(Lys-479) in the disallowed region of the Ramachandran plot.
This strained conformation is likely stabilized by the adjacent
disulfide bond betweenCys-478 andCys-497. Figures were cre-
ated using Molscript (40), PyMOL (41), and XtalView (37, 38).
Electrostatic potentials were calculated with DelPhi (42, 43).
In Vitro Kinase Reactions—The ROP18 kinase motif was

determined using a positional scanning peptide library array as
previously published (44, 45) and a reaction buffer consisting of
10mMHEPES, pH 7.5, 0.5 MNaCl, 10mMDTT, 10mMMgSO4,
and 50�M coldATP. Each individual reaction contained 300 ng
of untagged recombinant ROP18 kinase domain (residues 187–
554) and �1 �Ci of [�-32P]ATP. The kinase reactions were
incubated at 30 °C for 8 h and then spotted on a SAM2� biotin
capturemembrane (Promega). The phosphorylation content of
each peptide library in the array was quantified by phosphor-
image analysis with the program YIMP8 and sequence logos
were generated from normalized background-corrected inten-
sities of the peptide library spots using POSTSCRIPT files gen-
erated by Visual Basic code adapted from the original PSSM
(position-specific scoringmatrix) logo code from Shaw and co-
workers (46), which contains POSTCRIPT code adapted from
MAKELOGO from Schneider and Stephens (47).
Kinase assays using fixed sequence peptide substrates were

conducted at room temperature using either 69 ng of untagged
WT ROP18 kinase domain or 150 ng of His6-GST-MBP-GB1-
tagged WT or mutant ROP18 kinase domain, and a reaction
buffer consisting of 50 mM HEPES, pH 7.5, 0.5 M NaCl, 10 mM

DTT, 10 mM MgSO4, and 60 �M cold ATP. Each reaction con-
tained 0.5 mM peptide substrate and 2–10 �Ci of [�-32P]ATP.
Reactions were stopped by spotting on Whatman P81 phospho-
cellulose paper, which were then dried and washed with 0.425%
phosphoric acid until no significant radioactivity remained in the
washes. Radioactivity captured on P81 filters was then quantified
byphosphorimageanalysiswith ImageQuant5.2 software (Molec-
ularDynamics). Immunoprecipitation kinase assays ofHA-tagged
full-length ROP18 constructs were performed as previously
described (48). Kinase activities were normalized for the amounts
of ROP18 protein immunoprecipitated (Fig. 5B).
Generation of Transgenic Parasites—The coding region of

ROP18, along with putative promoter (742 bp upstream of the

ATG start codon), from type I T. gondii genomic DNA was
amplified by PCR (forward 5�-CACCAGATTCGAAACGCG-
GAAGTA-3�; reverse 5�-TTACGCGTAGTCCGGGACGTC-
GTACGGGTATTCTGTGTGGAGATGTTCCTGCTGTTC-
3�). The HA tag sequence was included in the reverse primer.
Specific ROP18mutants were generated using the megaprimer
method with splice overlap extension (49, 50). The ROP18 cas-
sette was cloned into pENTR/D-TOPO (Invitrogen) and sub-
sequently cloned in pTKO-att (51) via LR recombination. The
pTKO-att-ROP18 vector was linearized by digestion with NdeI
(New England Biolabs) and transfected into CEPHXGPRT�

C22 parasites that express luciferase and GFP by electropora-
tion. This was performed in 2-mm cuvettes (Bio-Rad Laborato-
ries) with 2 mM ATP (MP Biomedicals) and 5 mM GSH (EMD)
in a Gene Pulser XCell (Bio-Rad) with the following settings: 25
microfarads, 1.25 kV, and ∞ �. Stable integrants were selected
in media with 25 mg/ml of mycophenolic acid (Axxora) and 25
mg/ml of xanthine (Alfa Aesar) and afterward cloned by serial
dilution. Expression of the ROP18 constructs was confirmed by
immunofluorescence using an anti-HA tag antibody (Roche
Applied Science). Rhoptry localization and PVM localization
upon secretion were confirmed for all constructs, with at least
two independent clones for each mutant, and expression levels
of the ROP18 constructs were quantitated byWestern blotting
(Fig. 4A). Parasites were cultured by passage onto monolayers
of human foreskin fibroblasts at 37 °C with 5% CO2 as previ-
ously described (51).
Mouse Infections—Female C57BL/6 mice that were 6–10

weeks old (Jackson Laboratories, Bar Harbor, ME), were used
for all experiments. For intraperitoneal infection, tachyzoites
were grown in vitro and extracted from host cells by passage
through a 27-gauge needle, washed twice in PBS, and quantified
with a hemocytometer. Parasites were diluted in PBS, andmice
were inoculated intraperitoneally with 5000 tachyzoites of each
strain (in 100 �l) with a 28-gauge needle. Plaque assays demon-
strated injection of similar viable parasite numbers. 15–26mice
were infected per parasite strain and 2 different clones were
used for each recombinant parasite. Figures represent the com-
bined survival curves of these 2 different clones. To imagemice
infectedwith a parasite strain expressing the enzyme luciferase,
mice were injected intraperitoneally with 3 mg of firefly D-
luciferin dissolved in PBS, anesthetized with isoflurane, and
imagedwith an IVIS Spectrum-bioluminescent and fluorescent
imaging system (Xenogen Corporation). Images were pro-
cessed and analyzed with Living Image software. The MIT
Committee on Animal Care approved all protocols. All mice
were maintained in specific pathogen-free conditions, in
accordance with institutional and federal regulations.
Irgb6 Parasitophorous Vacuole Coating Assays—Parasites

were allowed to invade monolayers of MEF cells grown on cov-
erslips that were previously incubated for 24 h with or without
1000 units of IFN�. After 20 min, non-invading parasites were
washed away with PBS 3 times, and the infection proceeded for
1 h.The cellswere then fixedwith 3% (v/v) formaldehyde inPBS
for 20 min at room temperature, permeabilized with 0.2% (v/v)
saponin, and blocked in PBS with 3% (w/v) BSA and 5% (v/v)
FBS. Coverslips were incubated with a goat polyclonal antibody
against mouse Irgb6 (TGTP A-20, Santa Cruz Biotechnology,8 D. Liu and M. B. Yaffe, unpublished data.
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1:100 dilution), for 1 h, and fluorescent secondary antibody
coupled with Alexa Fluor 594 and Hoechst dye were used for
antigen and DNA visualization, respectively. Coverslips were
mounted on a glass slide with Vectashield (Vector Laborato-
ries), and photographs were taken using NIS-Elements soft-
ware (Nikon) and a digital camera (Coolsnap EZ; Roper Scien-
tific) connected to an inverted fluorescencemicroscope (model
eclipse Ti-S; Nikon).
Statistical Methods—Statistical analysis was done using

GraphPad Prism software version 6.0b (GraphPad Software
Inc., La Jolla, CA). Unless otherwise stated, one-way analysis of
variance was used for comparison of results from different
ROP18 constructs. p values �0.05 were considered significant
(*).
Accession Code—Atomic coordinates and structure factors

have been deposited in the Protein Data Bank with accession
code 4JRN.

RESULTS

ROP18 Kinase Is Not Autoinhibited by the N-terminal
Subdomain—To facilitate biochemical and structural analysis
of the ROP18 kinase domain, we cloned an N terminally trun-
cated construct consisting of residues 187–554 (numbering
based on the first ATG codon of CAJ27113) into a modified
pET28a-based vector (see “Experimental Procedures”). This
construct was expressed as a soluble and catalytically active
protein in E. coli, suitable for in vitro kinase assays and struc-
tural analysis.
The crystal structure of the unphosphorylated ROP18 kinase

domain was determined by multi-wavelength anomalous dif-
fraction using a holmium derivative. The structure was refined
against a native data set to 2.7-Å resolution. Data and refine-
ment statistics are summarized inTable 1. The structure adopts
the canonical protein kinase domain-fold (52) with a predomi-
nantly �-helical C-terminal lobe and a smaller N-terminal lobe
containing a central �-sheet (Fig. 1A). The kinase domain of
ROP18 shows significant overall structural deviations from
those of ROP22W1Z (1.9 Å root mean square deviation over 315
C� pairs), ROP23DZO (2.0 Å root mean square deviation over
299 C� pairs), ROP83BYV (2.0 Å root mean square deviation
over 306 C� pairs for 3BYV), and ROP53Q60 (2.8 Å root mean
square deviation over 280 C� pairs). In particular, the N-termi-
nal subdomain (a conserved structural feature of ROPKs con-
sisting of �N1, �N2, and �N) of ROP18 contains a disordered
linker region between �N1 and �N2 (residues 211–217), which
contradicts a previously proposed regulatory function for this
N-terminal subdomain in ROP18 (26). In both the ROP23DZO
and ROP83BYV structures, the �N1-�N2 linker can be seen
encroaching into theATPbinding pocket and is stabilized by an
Arg-Glu salt bridge (26), which sterically occludes ATP binding
(Fig. 1B). The previously published homology model of ROP18
(based on the ROP83BYV structure), assumed a similar confor-
mation adopted by the �N1-�N2 linker, with side chains pro-
truding into the active site to preclude ATP binding. It was
further proposed that autophosphorylation of serine and thre-
onine residues within helix �N2 and on strand �1 (adjacent to
strand �N) would induce conformational changes within the
N-terminal subdomain to relieve this autoinhibition (26). The

physiological relevance of these autophosphorylation sites
(Ser-221, Thr-229, Thr-249, Thr-251, and Thr-293, renum-
bered based on the first ATG codon of CAJ27113) as reported
for bacterially expressed recombinant kinase domain is unclear
and do not match any of the ROP18 phosphopeptides detected
in recent phosphoproteomic studies of T. gondii proteins puri-
fied from parasites at the infection-competent tachyzoite stage
(53, 54). Additionally, the Arg-Glu salt bridge within the ATP-
binding pockets of ROP23DZO and ROP83BYV is not conserved
in any of the other available ROPK structures, and consequently
this autoinhibitory conformation of the �N1-�N2 linker is not
observed in the structure of a different ROP2 isoform
(ROP22W1Z), the ROP53Q60 structure or our ROP18 structure
(Fig. 1B). In particular, our crystal structure of unphosphory-
lated ROP18 with AMP-PNP bound at the ATP binding pocket
rules out any requirement of autophosphorylation for ATP
binding. The crystals were grown from unphosphorylated
recombinant protein that had been expressed in E. coli as a
fusion construct with �-phosphatase (see “Experimental Proce-
dures”). Both the electron density map and mass spectrometry
data (41464.3 Da predicted, 41464 Da measured) on the puri-
fied recombinant protein show no evidence of any covalent
modification.
TheROP18KinaseMotifHasBroad Sequence Selectivity—To

probe the substrate selectivity of ROP18, we determined its
optimal substrate phosphorylation motif (Fig. 2A) using a posi-
tional scanning peptide library array (44, 45). The resulting
motif is complex, but can be generalized as: (X)-(X, not E)-(X)-
(E)-(H)-(T)-(R/mixed, not P and not negatively charged)-(Ar)-
(Ar)-(Ar), where the phosphoacceptor is underlined,X denotes
any amino acid residue, and Ar denotes an aromatic residue
(Fig. 2B). As previously reported (17), peptide libraries contain-
ing a fixed Thr at positions �5 to �3 relative to the phospho-
acceptor are strongly phosphorylated by the ROP18 kinase
domain. However, we interpret this as due to phosphorylation
of, rather than selection for, the fixed Thr residues at those
positions (Fig. 2C).
ROP18 was recently reported to phosphorylate multiple IRG

proteins, including Irgb6 and Irga6. For Irgb6, the single ROP18
phosphorylation site (GAAP-Thr(P)-89-GAIE) previously
identified (17) deviates substantially from the optimal ROP18
substratephosphorylationmotif. Incontrast, the twophosphor-
ylation sites identified within Irga6 (GAAK-Thr(P)-102-GVVE
andVVEV-Thr(P)-108-MER)more closelymatches the ROP18
substrate phosphorylation motif (Table 2), and consistent with
this, Irga6wasmore strongly phosphorylated byROP18 relative
to Irgb6 (18). The ROP18 phosphorylation sites within these
IRG proteins are located within the Switch I region. An analysis
of the Switch I peptide sequences for IRG proteins from ham-
ster (Cricetulus griseus),mouse (Musmusculus), and rat (Rattus
norvegicus) using Scansite (55, 56) did not reveal that the
sequences from more T.gondii-susceptible species (hamster
and mouse) showed a better overall match with the ROP18
kinase motif determined in this study relative to those from the
T. gondii-resistant rat (Table 2). This observation suggests that
factors other than the local sequence contextmay influence the
ability of ROP18 to phosphorylate these sites, and/or that other
proteins in addition to the IRGs may contribute to resistance
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againstT. gondii infection in rats. The requirement of ROP5 for
ROP18-mediated virulence and the ability of ROP5 to interact
with and disrupt the recruitment of IRG proteins suggests that
ROP5 may be an additional factor in determining the relation-
ship between IRG polymorphism and susceptibility toT. gondii
(48).
The Crystal Structure of the ROP18 Kinase Domain Reveals a

Potential Ligand-binding Pocket Adjacent to the Active Site—
The multiwavelength anomalous diffraction-phased electron
density map revealed a sucrose molecule bound within a shal-
low pocket on theN-terminal lobe of the ROP18 kinase domain
(Fig. 3). Sucrose, whichwas included as a cryoprotectant during

flash cooling of the crystals, was the only buffer component that
was consistent with the size and shape of the strong non-pro-
tein electron density (Fig. 3B). This putative ligand-binding
pocket is lined by elements of helix �N2 strands �1 and �2, the
G-loop, and strands �3 and �4b. Binding of sucrose within this
pocket buries 567 Å2 of surface area. The sucrose molecule is
hydrogen bonded to Ser-260, Gly-261 (backbone carbonyl),
Thr-265 and Arg-347, and makes van der Waals contacts with
Leu-224, Ile-227, the carbonyl carbon of Ala-264,Met-284, and
the C� of Ser-285 (Fig. 3C). A distinctive feature of this pocket
is a positively charged region at one end, corresponding to the
side chains of Arg-223 and Arg-347, and we hereafter refer to

TABLE 1
Data collection, phasing and refinement statistics

* Values in parentheses are for highest resolution shell.
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this pocket as the ROP18 “basic pocket.” The basic pocket is not
conserved in the other ROPK family crystal structures, due to
the presence of side chains that protrude into the region corre-
sponding to the ROP18 basic pocket in ROP2, ROP8, andROP5
(25–27).
Given that sucrose is not known to be present inmammalian

cells, it is unlikely to be a physiological ligand of ROP18 in vivo.
However, the proximity of the bound sucrose molecule to the
active site raised the possibility that the basic pocket may have
physiologically relevant ligand(s), and that binding of such
ligand(s) may contribute to substrate recognition or affect
kinase activity by inducing conformational changes in the
active site. Neither sucrose nor glucose at concentrations up to
100 mM affected ROP18 kinase activity in in vitro assays (data
not shown). We suspected that the positively charged region
within the ROP18 basic pocket may favor binding of ligands
with negatively charged substituents. We therefore tested a
number of candidate small molecule compounds with phos-
phate groups, including sugars, nucleotides, and phospholipids,
for an effect on the in vitro activity of the ROP18 kinase domain.
However, none of the compounds tested had a significant effect
on kinase activity at physiologically relevant concentrations
(data not shown). It remains possible that kinase activitymay be
affected by binding of a different (and more relevant) ligand,
however, this cannot be tested directly without knowledge of
what this ligand may be. We therefore tested the functional

significance of this pocket by mutating residues within this
region. To test the importance of this positive charge, Arg-223
wasmutated to Ala or Glu, with the expectation that the R223E
mutation would neutralize the positive charge in the basic
pocket by forming a salt bridge with Arg-347. Because Arg-347
is hydrogen bonded toThr-345 andwith the backbone carbonyl
of Val-340 on strand �4a, Arg-347mutations were predicted to
destabilize the folding in this region and were therefore not
tested. In addition, Thr-265 and Met-284 were mutated to Tyr
to introduce a bulky aromatic side chain that would partially fill
the interior of the pocket. It is worth noting that in the ROP2
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the ROP18 kinase domain relative to an optimal peptide (NH3-KKKKK-
WISEHTRYFF-CONH2) substrate, indicating that Thr is in fact not generally
favored around the phosphoacceptor site, but instead likely functions as a
second phosphoacceptor residue in these positions. Moreover, Thr is greatly
favored at the phosphoacceptor position versus Ser, Tyr, or Ala. Therefore, the
apparent preference for Thr at multiple positions around the phosphoaccep-
tor site is likely accounted for by the generally broad target sequence selec-
tivity of ROP18 and its strong preference for phosphorylating Thr. The substi-
tution of the -3 Ser with Arg did not significantly affect the activity assayed,
indicating that phosphorylation of the -3 Ser did not contribute to the
detected activity.
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and ROP8 crystal structures, the position corresponding to
Met-284 in ROP18 is occupied by Tyr, which would sterically
clash with a bound sucrose molecule as seen in our ROP18
structure (Fig. 3C).
Ourmutational analysis of the ROP18 basic pocket identifies

the region aroundArg-223 (positioned�20Å from the�-phos-
phate group of AMP-PNP) as being crucial for the ability of
ROP18 to mediate virulence in mice. HA-tagged ROP18 con-
structs were expressed in type III parasites, and expression lev-
els in multiple clones were determined by Western blotting
(Fig. 4A). Wild type clones were selected for analysis such that
the average WT expression level was similar or below those of
the ROP18 mutants (Fig. 4B), and exclusion of the outlier WT
clone B5.2 did not significantly alter themouse survival analysis
(Fig. 4, C and D). Expression of the R223A and R223E mutants
in type III parasites resulted in greatly reduced virulence with
50 and 80% of the mice still surviving 30 days post-injection,
respectively (Fig. 4C). Expression of theM284Y ROP18mutant
in type III parasites also resulted in a significant reduction of
virulence in mice with �50% survival 30 days post-injection
(Fig. 4C). The R223A, R223E, and M284Y mutations in ROP18
also reduced the rate of parasite growth within the host relative
to WT (Fig. 4E and F), although the differences did not reach
statistical significance (p values of 0.10, 0.10, and 0.09, respec-
tively). In contrast, the T265Ymutation did not affect virulence
or parasite growth in mice relative to WT (Fig. 4, A–C). Given
its more peripheral position within the basic pocket, it is possi-

ble that the Tyr-265 substitution does not effectively occlude
the key ligand binding region. The 4-fold increase in survival of
mice infected with R223E ROP18-expressing parasites (80%)
versus mice infected with WT ROP18-expressing parasites
(20%) at 30 days post-injection (Fig. 4C) is unlikely to be
accounted for by the statistically insignificant 35% reduction
(p 	 0.25) in expression level (Fig. 4B). We therefore tested the
effect of mutating Arg-223 on kinase activity. In vitro kinase
assays were performedwithHA-tagged full-lengthWT, R223E,
R223A, and D409N ROP18 proteins immunoprecipitated from
parasites using an optimal peptide substrate (Fig. 5A), and
kinase activities were normalized for the amounts of ROP18
protein immunoprecipitated (Fig. 5B). Interestingly both the
R223E and R223Amutants were slightly more active relative to
WT, although the differences were not statistically significant
(p values of 0.90 and 0.089, respectively). We also tested the
effects of the T265Y, M284Y, and D409Nmutations on ROP18
kinase activity using purified recombinant ROP18 protein and
found that both mutations reduced the normalized in vitro
activity of the kinase domain relative toWT (p values of 0.0005
and 0.0258, respectively, Fig. 5C). In all cases, a kinase dead
(D409N) control indicated no contaminating kinase activity
toward the substrate peptide. The lack of an effect of the T265Y
mutation on virulence despite the reduced kinase activity may
have been due in part to the 2-fold greater expression level
relative to WT (Fig. 4B). That the effects of the basic pocket
mutants on virulence could not be explained by their effects on

TABLE 2
Scansite matching of phosphorylation sites within Switch I region of IRG proteins with ROP18 kinase motif

aC. griseus.
b M. musculus.
c R. norvegicus.
d Phospho-accepting Thr residue is in lower case.
e Lower scores indicate a better match, with 0 corresponding to a perfect match with the ROP18 kinase motif determined in Fig. 3.
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kinase activity or differences in their expression levels in para-
sites relative to WT suggests that the basic pocket is likely to
have a biochemical function important for ROP18-mediated
pathogenicity.
Acute Virulence Conferred by ROP18 Involves Multiple

Downstream Targets Requiring Distinct Modes of Recognition—
ROP18 promotes the survival and rapid expansion of T. gondii
in host cells (including early responding immune cells such as
inflammatory monocytes and macrophages), and this has been
shown to be required for acute virulence in mice. A key mech-
anism of parasite clearance within host cells involves the
sequential recruitment of multiple members of the IRGs to the
PVM,which leads to the rupture of the vacuole and destruction
of the parasites (19). Irgb6 is among the first IRGs recruited to
the PVM, and has recently been shown to be phosphorylated by
ROP18, which blocks its accumulation on the PVM to prevent
IRG-mediated rupture of the PV (17). We therefore tested the
ability of our ROP18 mutants to inhibit Irgb6 accumulation on
the PVM in MEFs infected with T. gondii (Fig. 6, A and B). To
elicit a robust IRG response, the MEFs were pretreated with
IFN� to up-regulate IRG expression. Expression ofWT ROP18
in the type III strain dramatically reduced the proportion of PVs
coated with Irgb6 from 50 to 14% (p 	 0.0008). Parasites

expressing theM284Y and T265Ymutants were the least effec-
tive in blocking Irgb6 recruitment, with 34 and 32% of PVs
coated with Irgb6, respectively (p values of 0.025 and 0.052,
respectively). Interestingly, the R223A and R223E mutations,
which resulted in greater reductions in virulence relative to the
T265Y andM284Ymutations, resulted in a smaller defect in the
ability of ROP18 to block Irgb6 recruitment, with 23 and 20% of
PVs coated with Irgb6 for the R223A and R223E ROP18
expressing parasites, respectively, and were not statistically dif-
ferent from WT. The strong reduction in virulence caused by
the Arg-223mutations is therefore unlikely to be accounted for
by reduced phosphorylation of Irgb6 alone. These results indi-
cate that in addition to Irgb6, ROP18 likely phosphorylates or
interacts with other targets (such as Irga6) important for acute
virulence (18), and that Arg-223 (which is positioned in a
potential ligand-binding pocket outside of the active site) is
required for interaction with some of these targets.

DISCUSSION

We have determined the structure of the unphosphorylated
ROP18 kinase domain in complex with AMP-PNP. Our struc-
ture is inconsistent with the published ROP18 homology
model, which predicted an autoinhibitory�N1-�N2 linkerwith
the side chains of Gln-214 and Gln-216 protruding into the
ATP binding pocket (26). Recombinant ROP18 kinase domain
was previously found to be autophosphorylated at sites within
helix �N2 (Ser-221 and Thr-229) and strand �1 (Thr-249 and
Thr-251), and it was proposed that phosphorylation of these
residues would induce conformational changes that would dis-
place the �N1-�N2 linker to relieve autoinhibition. Mutation
of these serine and threonine residues to alanine was reported
to drastically reduce kinase activity, presumably by abrogating
autophosphorylation of these sites (26). It is unclear whymuta-
tion of these residues to alanine affected kinase activity, given
that our structure is inconsistent with ATP binding requiring
phosphorylation of any of these residues. Furthermore, the side
chain hydroxyls of these serine and threonine residues are not
within hydrogen bonding distance to any of the surrounding
protein atoms, although it remains possible that these residues
are involved in hydrogen bonding networks mediated by water
molecules not visible due to the limited resolution of our x-ray
data. Such hydrogen bonding interactions would be disrupted
bymutation of these residues to Ala, which could reduce kinase
activity by destabilizing or perturbing the structure.
Our crystal structure also does not readily explain the

increased activity reported for the Q214A and Q216Amutants
(26). It is unlikely that these residues impede ATP-binding as
proposed, given that they are located within the disordered
�N1-�N2 linker region. It is possible that the Q214A and
Q216A mutations may facilitate improved binding of protein
substrates in the in vitro autophosphorylation andmyelin basic
protein phosphorylation assays reported.
The ROP18 kinase substrate phosphorylation motif pre-

sented here shows a broad substrate specificity. The relatively
low sequence selectivity of the ROP18 kinase motif suggests
that other specificity determinants may exist to ensure that
ROP18 is properly targeted to its physiological substrates.
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The basic pocket on theN-terminal lobe of the ROP18 kinase
domain that we identified reveals a potential ligand interaction
site that may provide this additional substrate selectivity deter-
minant and/or a site of allosteric regulation. Despite consider-
able experimental effort, however, it is currently unclear what
the physiological ligand for this pocket may be. The proximity
of this pocket to the active site, however, suggests several
potential mechanisms of how ligand binding at this pocket may
regulate substrate specificity and/or kinase activity. Although
sucrose does not significantly affect kinase activity in vitro, the
reduced activity resulting from the R223Emutation in the con-

text of full-length ROP18 demonstrates the potential for an
allosteric function for the basic pocket upon binding of a suit-
able ligand to affect kinase activity. The basic pocket may also
provide a substrate interaction site outside of the active site
required for recognition of a subset of ROP18 substrates, and
suggests that post-translational modifications such as glycosyl-
ation, may be important in substrate selection. Such a role for
the basic pocket could also be a contributing factor to the
severely reduced virulence resulting from the Arg-223 and
Met-284mutations. Thismode of substrate recognition is anal-
ogous to the binding mode of eIF2� to protein kinase R (PKR),
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in which substrate specificity is not determined by the immedi-
ate sequence context surrounding the phosphoacceptor site,
but by substrate docking onto helix �G, which is peripheral to
the active site. The crystal structure of the PKR-eIF2� complex
shows eIF2� binding to helix �G in a configuration that posi-
tions the segment containing the Ser-51 phosphorylation site
on eIF2�within the PKR active site (57). However, this segment
of eIF2� is disordered in the crystal structure, which is consis-
tent with the complete lack of sequence specificity of PKR for
this region (58). The basic pocket on ROP18 may provide a
peripheral substrate binding/recognition site similar to helix
�Gof PKR,which could confer higher substrate specificity than
is indicated by the kinase motif. In light of the strong reduction
of virulence by the Arg-223mutations, which onlymildly affect
Irgb6 accumulation to PVs, it is likely that ROP18 phosphory-

lates a number of proteins critical for virulence in addition to
the IRG proteins, and that the potential substrate recognition
function of the basic pocket may be required for recognition of
some of these additional ROP18 substrates. This may be of par-
ticular importance in host species that lack IRG family proteins.
It remains possible that N-terminal regions of ROP18 not

included in our structural studies of the kinase domain may
affect the kinase activity and/or substrate targeting of ROP18.
In support of this, the host endoplasmic reticulum-bound tran-
scription factor ATF6� was recently reported as an additional
ROP18 target critical for host resistance againstT. gondii infec-
tion, and a direct interaction was reported between the C ter-
minus of ATF6�, and residues 147 to 164 of ROP18, which are
N-terminal to the kinase domain (24). ATF6� phosphorylation
by ROP18 at Thr residues mediated its proteasome-dependent
degradation, resulting in decreased expression of its target
genes, although the specific residues phosphorylated were not
identified. It was unclear if the N-terminal region of ROP18
directly binds to the C-terminal region of ATF6� in vivo as
proposed, given that ATF6 proteins are anchored in the endo-
plasmic reticulum membrane with their C termini within the
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endoplasmic reticulum lumen, and that ROP18 is localized on
the cytoplasmic face of the PVM.Additionally, the experiments
using their N terminally truncated ROP18 constructs are diffi-
cult to interpret. The �N2-ROP18 construct lacked the N-ter-
minal region required for PVM localization (59). Loss of PVM
localization would be expected to impair targeting of ROP18 to
PVM-localized substrates, such as IRGs (60, 61). The severely
truncated �240 ROP18 construct (missing the first 240 resi-
dues) lacked a significant portion of the kinase domain (as can
be seen from our crystal structure), such that the �240 ROP18
construct would not be expected to fold properly.
The interaction of sucrosewith the basic pocket in theN-ter-

minal lobe of the kinase domain involves multiple hydrogen
bonds and van derWaals contacts, and hints at the potential for
binding small molecule metabolites (e.g. carbohydrates) or
post-translational modifications on proteins (e.g. glycosyla-
tion). A recent study identified 132 proteins that were enriched
by serial lectin affinity chromatography from a T. gondiimem-
brane extract (62). ROP18 was among the 15 rhoptry proteins
identified, but the serial lectin affinity chromatography purifi-
cation was performed under native conditions, and it remains
unclear how many of the proteins identified in this study were
indeed glycosylated and directly bound by the lectins or were
enriched by serial lectin affinity chromatography due to their
association with glycoproteins. However, the results of this
study indicate that glycosylation may be a more prominent
post-translational modification in T. gondii than previously
appreciated, and increases the likelihood that glycosylation
may be involved in ROP18 substrate recognition.
Our results showing the dramatically reduced virulence of

type III parasites expressing R223A and R223E ROP18mutants
indicate a critical role for the positive charge in this region of
the basic pocket, which may optimally bind ligands containing
negatively charged substituents, such as carboxylate or phos-
phate groups. Interestingly, crystal structures of CK2� have
revealed a hydrophobic pocket on the N-terminal lobe, capable
of binding glycerol and the small molecule ATP-competitive
inhibitor 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole (63,
64). This pocket coincides with the site of interaction with the
non-catalytic CK2� subunit, and a biochemical screen for inhibi-
torsofCK2subunit associationhave identifiedapodophyllotoxine
indolo analog (W16) that binds at the CK2 subunit interface and
allosterically inhibits the catalytic activity ofCK2� (65). Binding of
CK2� alters the substrate preference and the subcellular localiza-
tion of CK2� (66, 67), and it has been proposed that CK2 function
may be regulated by small molecule metabolites in vivo or small
molecule inhibitors that inhibit CK2 subunit association (63–65).
Drawingon these parallelswithCK2�, an additional potential role
for the basic pocket in ROP18may be as a site of interaction with
protein interaction partners or substrates, which can be regulated
by smallmoleculemetabolite binding.Our functional studies have
identified Arg-223 as a critical residue for the ability of ROP18 to
confer acute virulence and indicate the potential for small mole-
cule ligands targeting this region to abrogate virulence by disrupt-
ing ROP18 function. Sucrose (in the context of our ROP18 struc-
ture) may provide a suitable starting template for the rational
development of such compounds that could provide a novel and

potentially more specific mode of kinase inhibition than what is
typically achieved with conventional ATP-competitive inhibitors.
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